Alkaline deoxygenated graphene oxide (aGO) was prepared through alkaline hydrothermal treatment and used as adsorbent to remove Cd(II) ions from aqueous solutions for the first time. The characterization results of transmission electron microscopy, X-ray diffraction, Raman spectroscopy, and Fourier transform infrared (FT-IR) spectra indicate that aGO was successfully synthesized. The batch adsorption experiments showed that the adsorption kinetics could be described by the pseudo-second-order kinetic model, and the isotherms equilibrium data were well fitted with the Langmuir model. The maximum adsorption capacity of Cd(II) on aGO was 156 mg/g at pH 5 and T ¼ 293 K. The adsorption thermodynamic parameters indicated that the adsorption process was a spontaneous and endothermic reaction. The mainly adsorption mechanism speculated from FT-IR results may be attributed to the electrostatic attraction between Cd 2þ and negatively charged groups (-CO À ) of aGO and cation-π interaction between Cd 2þ and the graphene planes. The findings of this study demonstrate the potential utility of the nanomaterial aGO as an effective adsorbent for Cd(II) removal from aqueous solutions.
INTRODUCTION
Cadmium, one of the toxic metals, has currently attracted much attention due to its toxicity to human health and other organisms in the environment. Many methods have been used to remove metal ions from aqueous solutions including oxidation, reduction, precipitation, membrane filtration, ion exchange, and adsorption (Ahmed et al. ; Rivas et al. ) . Among these methods, the adsorption technique has been considered as the most extensively adopted method because it is simple, economic, highly efficient, and cost effective (Bailey et al. ) . A number of adsorbents such as activated carbons, clay minerals, silicates, oxides, and biomass have been studied to remove Cd(II) from aqueous solutions (Machida et al. ; Gupta & Bhattacharyya ) . Therefore, it is still a challenge to develop some new materials with moderate surface area, high adsorption capacity, and stability in extreme conditions.
Recently, graphene has attracted tremendous research interest due to its exceptional physical properties such as high electronic conductivity, good thermal stability, and excellent mechanical strength (Balandin et al. ) .
Considering its high surface area (theoretical value of 2,630 m 2 /g), graphene or its nanohybrids should act in an important role to resolve the problem mentioned above. It was reported that graphene or functionalized graphene nanomaterials were prepared for the removal of heavy metal ions such as arsenic, chromium, mercury, cobalt, copper, and cadmium (Deng et al. ; Zhao et al. ; Sitko et al. ) . However, these synthesis methods in the published literature are multistep as well as harsh temperature limited, which restrict promising applications. It had previously been reported that the deoxygenation of graphene oxide could occur under alkaline conditions, which resembled graphene (Fan et al. ) . Compared to reagents commonly used for reducing graphene oxide (e.g. hydrazine), alkali hydroxide is a green agent. Perera et al. () explored this approach to produce graphene for supercapacitor applications. However, the application of graphene or graphene-based materials synthesized via an alkaline solution as adsorbents in the removal of heavy metal ions from aqueous solutions is still scarce.
In the present study, graphene was prepared through alkaline hydrothermal treatment and the as-prepared materials (alkaline deoxygenated (aGO)) were used as adsorbents to remove Cd(II) ions from aqueous solutions. The adsorption kinetics and isotherms were also studied in discussing the mechanism of Cd(II) interaction with aGO.
MATERIAL AND METHODS

Preparation of aGO
Graphite oxide was synthesized from natural graphite flakes using a modified Hummers method (Marcano et al. ) . One gram of graphite oxide was added to 40 mL of NaOH solution (2 mol/L), followed by sonication for 30 minutes to yield a graphene oxide dispersed solution. Then, the homogeneous solution was transferred to the Teflon-lined stainless steel autoclave and was heated to 180 W C for 2 hours. After that, the autoclave was cooled to room temperature. The resulting suspension was washed by repeated centrifugation with DI water and methanol. The final product (denoted as aGO) was dried under vacuum at 50 W C overnight.
Characterization
The crystalline structures analysis was carried out on an X-ray diffraction (XRD) instrument (D8 ADVANCE, BRUKER). The morphology of as-obtained products was studied by transmission electron microscopy (TEM) (JEM-2010). Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet Nexus 470 (Thermo Nicolet) with a resolution in transmission mode at room temperature. The Raman spectra were obtained by DXR Raman spectroscopy. Point of zero charge (PZC) of aGO was determined according to a previous study (Deng et al. ) . In brief, 30 mg of aGO was placed in a 50 mL-flask in which 10 mL of CO 2free water was added. The flask was sealed with a rubber stopper and was left in continuous agitation for 48 hours at room temperature. Then, the pH of the filtrate was measured and this value is PZC of aGO.
Adsorption procedure
Adsorption studies were carried out by batch adsorption experiments in a conical flask for different amounts of adsorbent (aGO), different Cd(II) ion concentrations, different pH, variation of contact time, and fixed temperature. A stock solution of 100 mg/L of standardized Cd(II) was prepared with distilled water and Cd(NO 3 ) 2 . The desired concentration of experimental solution was obtained by further dilution. The initial pH values of the solution were adjusted with 0.1 mol/L HNO 3 or NaOH solution. Then the adsorbent, aGO, was dispersed into the solution. After being shaken for 2 hours (TDL-4, Shanghai Anting Scientific Instrument Factory, Shanghai, China), which was enough for Cd(II) to achieve adsorption equilibrium according to preliminary experiments, the suspensions were filtered for the concentration of Cd(II) analysis using flame atomic absorption spectroscopy (FAAS; TAS-986, Beijing Purkinje General Instrument Co., Ltd, Beijing, China). The amount of Cd(II) adsorbed on aGO at equilibrium, q e (mg/g), was calculated using the equation
where C 0 and C e are the initial and at equilibrium concentrations of Cd(II) in solution (mg/L), respectively; V is the volume of the solution (mL), and m is the weight of aGO (mg).
In pH studies, the initial pH of solution was adjusted by addition of 0.1 mol/L HNO 3 or NaOH solution. Then, 10 mg of aGO was dispersed into 100 mL Cd(II) solutions with an initial concentration of 20 mg/L at 293 K.
In adsorption kinetic studies, the initial pH of solution (100 mL) was adjusted to 5 by the addition of 0.1 mol/L HNO 3 or NaOH solution. The initial concentration for Cd 2þ was 20 mg/L. Then, 10 mg of the adsorbent (aGO) was added, and experimental temperature was fixed at 20 W C.
The samples were separated for Cd(II) concentration measurements at predetermined time intervals. The adsorption isotherm studies were performed at 20 W C.
The pH was adjusted to 5, and the initial concentration of Cd(II) varied from 5 to 30 mg/L. The equilibrium time was set as 2 hours, which was enough according to the preliminary experiments.
To evaluate thermodynamic criteria, adsorption experiments were performed for 120 minutes at 293 K, 303 K, and 313 K, respectively. The initial concentration of Cd(II) varied from 5 to 30 mg/L and the solution pH was adjusted to 5.
RESULTS AND DISCUSSION
Characterization
The results of TEM, XRD, Raman, and FT-IR characterization of graphite oxide and aGO are shown in Figure 1 .
As seen from Figure 1(a) , graphite oxide exhibited a layered structure with a smooth surface and many wrinkles at the edge of materials. The image of TEM (Figure 1(a) ) shows distinctly that aGO is composed of graphene thin film with some crumples, indicating that the graphene films were synthesized successfully.
In the XRD patterns (Figure 1(b) ) of graphite oxide and aGO, the diffraction peak at 2θ ¼ 10.03 W corresponds to the typical diffraction peak of graphite oxide nanosheets. However, the peak vanishes in the pattern of aGO. Instead, a broad and relatively weak diffraction peak appears at about 26 W , which corresponds to the (002) Significant structural changes of the carbon framework during the chemical processing from graphite oxide to aGO are also reflected in their Raman spectra (Figure 1(c) ). Prominent D (1,350 cm À1 ) and G (1,586 cm À1 ) peaks, consistent with the Raman data of graphite oxide reported previously (Gao et al. ) , are observed in graphite oxide sheets (Figure 1(c) ). The Raman spectrum of aGO nanomaterial has both G and D bands, but G band shifts to 1,599 cm À1 , indicating the reduction of GO. Moreover, the intensity ratio of the D band to G band (I D /I G ) of graphite oxide was found to be increased from 0.98 to 1.00 after alkaline hydrothermal treatment. The change suggests a decrease in the average size of the sp 2 domain in aGO, indicating that aGO is more disordered than graphite oxide. The result is in agreement with previous studies on Raman spectrum of reduction of graphite oxide (Stankovich et al. ) .
In addition, the oxygen-containing groups on the surface of graphite oxide and aGO were characterized by FT-IR analysis (Figure 1(d) ). The broad band between 3,000 and 3,400 cm À1 results from the presence of free and associated hydroxyl groups due to intercalated water and carboxyl (-COOH) or phenolic hydroxyl groups (-COH) of graphene oxide materials (Zhao et al. ) . Other functional groups are also found in the FT-IR spectrum (Figure 1(d) ), i.e. C-O group at 1,220 and 1,100 cm À1 , C ¼ O group at 1,730 cm À1 and C ¼ C group at 1,610 cm À1 (Acik et al. ; Zhao et al. ). As can be seen, the bands at 1,730 (C ¼ O) and 1,220 cm À1 (C-O) almost disappear in the spectrum of aGO (Figure 1(d) ), demonstrating the efficient reduction of carboxyl and hydroxyl groups. The band at 3,174 and 1,610 cm À1 can be assigned to the stretching deformation vibration of intercalated water (Acik et al. ) . Notably, the intense absorption band at 1,400 cm À1 corresponding to phenolic hydroxyl (-COH) vibrations appears, indicating the transformation from graphite oxide to graphene, which are accompanied by the decomposition of oxygen functional groups.
Effect of pH
Cadmium ions in water solution may be present in various forms at different pH values such as Cd 2þ , Cd(OH) þ , Cd(OH) 2 , and Cd(OH) 3 À , due to hydroxide formation of metal ions. Therefore, pH, one of the most important variables, plays a vital role in the adsorption of Cd(II) on aGO. Based on the precipitation constant of Cd(OH) 2 (s) (2.5 × 10 À14 , T ¼ 293 K) and the initial concentration of Cd 2þ (20 mg/L), the Cd(II) should begin to precipitate at pH about 8.7 calculated from the related equation (i.e.
. Therefore, the primary metal ion species in the pH range from 0 to 14 are as follows: (1) at pH <8.0, the main species is Cd 2þ ;
(2) the predominant species at pH 8.0-10.0 are Cd(OH) þ and Cd(OH) 2 0 ;
(3) at pH >10.0, the main species are Cd(OH) 2 0 and Cd(OH) 3 À .
Since the formation of Cd(OH) 2 precipitation was at pH greater than 8.7, the adsorption of Cd(II) on aGO was investigated at pH from 3 to 8. As shown in Figure 2(a) , the adsorption of Cd(II) increases with increasing pH at pH <5, and then maintains a high level at pH 5-8. (>99%) at this pH range. The small decrease of adsorption observed at pH <4 can be attributed to (i) the low dissociation of the functional groups and (ii) competition between Cd(II) and H þ or H 3 O þ ions present in the solution for the same adsorption site. It is noteworthy that appreciable adsorption of Cd(II) occurred at pH ¼ 3 though the adsorbent surfaces were mostly positively charged. Cd(II) adsorption should be impeded by repulsive electrostatic interactions between aGO surface and the Cd 2þ species present at this pH value. However, aGO showed an adsorption capacity of 107 mg/g at pH 3 (see Figure 2 (a)), indicating that some non-electrostatic force called specific adsorption (Namasivayam & Ranganathan ) was involved in the process of adsorption. Given the high adsorption and to prevent precipitation, the adsorption experiments below were carried out at pH ¼ 5.
Kinetic study
The effect of contact time on the adsorption of Cd(II) was performed and shown in Figure 2(b) . It can be seen that the adsorption of Cd(II) increased remarkably during the initial period of 5 minutes (q t ¼ 119 mg/g) and then rose slowly until the adsorption equilibrium was reached within about 10 minutes. This behavior can be attributed to a strong electrostatic attraction between the free exposed surfaces of aGO and Cd(II).
To illustrate the adsorption kinetics, a pseudo-secondorder model (Ho & McKay ) , which was more suitable for the adsorption data of Cd(II), as illustrated by many researchers ( The kinetic model is expressed by the following equation (Ho & McKay ) :
where t is the contact time (min), q e and q t (mg/g) are the adsorption capacities of Cd(II) on the adsorbent at equilibrium and time t (min), respectively, and k is the rate constant of adsorption (g/(mg min)).
Our kinetic data were also fitted with a pseudo-secondorder kinetic model and the model provides an excellent correlation for the adsorption of Cd(II) on aGO with the correlation coefficient of r ¼ 0.9999, indicating that the adsorption of Cd(II) on aGO is controlled by chemical adsorption (chemisorption).
Adsorption isotherms and thermodynamic data
To evaluate the adsorption isotherm, Langmuir (), Freundlich (), and Temkin () isotherm models were used to analyze the adsorption data. These isotherm models are expressed in linear form by the following equations (Deng et al. ; Zhao et al. ) : ln q e ¼ l n ln C e þ ln K F (4)
where C e is the equilibrium concentration of Cd(II) in solution (mg/L), q e is the adsorption capacity at equilibrium (mg/g), q m is the maximum amount of Cd(II) absorbed on aGO (mg/g), K L is the equilibrium adsorption constant (L/mg), K F ((L/mg) n (mg/g)) and n are Freundlich constants related to the adsorption capacity and adsorption intensity, respectively; b 1 is the Temkin constant related to the adsorption heat (J/mol), a 1 is the equilibrium binding constant (L/g) corresponding to maximum binding energy, R is the universal gas constant (8.313 J/(mol K)), and T is the temperature in Kelvin. It is observed that the Langmuir model fits the adsorption data better than any other model from the values of correlation coefficients (r) (see Figure 2 (c) and Table 1 ), suggesting that the adsorption of Cd(II) on aGO is monolayer coverage. In addition, it is noted that the q max value of Cd(II) on aGO calculated from the Langmuir model is 156 mg/g. The adsorption capacity found for Cd(II) in this study exceeded values obtained by other graphene-based materials previously studies in the literature (Table 2) , which can be attributed to the fact that aGO has strong interactions with Cd(II) and suggests that the nanomaterial aGO is acceptable for real application. In addition, previous research (Sitko et al. ) showed a maximum Cd(II) adsorption capacity of graphene oxide of up to 530 mg/g, based on the Langmuir model. The lower adsorption capacity of deoxygenated graphene oxide than graphene oxide can be explained by the lower quantities of functional groups on graphene.
Moreover, the effect of temperature on Cd(II) adsorption onto aGO at pH 5 is given in Figure 2(d) . The lowest adsorption value was observed at T ¼ 293 K and the highest at T ¼ 313 K, indicating that the adsorption of Cd(II) on aGO was promoted at higher temperature. The standard free energy change (ΔG 0 ) can be calculated using the following equation (Zhao et al. ) :
where K 0 (L/g) is the adsorption equilibrium constant. The values of lnK 0 are obtained by plotting lnK d versus C e and extrapolating C e to zero (K d is the distribution adsorption coefficient). These intercepts at the vertical axis provide the value of lnK 0 . K d is calculated from the following equation (Zhao et al. ) :
The standard entropy change (ΔS 0 ) and standard enthalpy change (ΔH 0 ) can be calculated using the following equation (Zhao et al. ) :
The values of ΔH 0 and ΔS 0 were determined from the slope and the intercept of the plots of lnK 0 versus 1/T.
The thermodynamic parameters calculated from Equations (6)-(8) are listed in Table 3 . The positive value of ΔH 0 (9.383 kJ/mol) indicates that the adsorption of Cd(II) on aGO is an endothermic process, which is consistent with the increasing adsorption as an increase in the temperature. The interpretation for the positive enthalpy change may be that Cd(II) is dissolved well in water and the hydration sheath of Cd(II) has to be destroyed prior to its adsorption on the aGO nanosheets. This dehydration process needs energy, and high temperature is beneficial for adsorption. This energy exceeds the exothermicity of cations to attach to the solid surface. The assumption indicates that the endothermicity of the desolvation process is higher than the enthalpy of adsorption to a considerable extent (Zhao et al. ) . The positive ΔS 0 shows the increased randomness at the solid/liquid interface. The negative ΔG 0 values indicate the spontaneous process of Cd(II) adsorption under the conditions applied. The decrease of ΔG 0 with the increase of temperature indicates more efficient adsorption at higher temperature. This is probably the result of, at high temperature, cations being readily desolvated, and hence their adsorption becomes more favorable.
Adsorption mechanism
It is believed that real synthesized graphene materials are not ideal, as they often contain many oxygen functional groups on their surface, particularly those synthesized via Hummers procedure (Hummers & Offeman ) . Thus, at high pH, i.e. pH > pHpzc, the -COH group of aGO dissociates to -CO À , resulting in the surface charge of aGO being negative, and adsorbing Cd(II) by the electrostatic attraction between Cd 2þ and the deprotonated surface sites of aGO. Besides, Cd(II) can also be adsorbed on graphene surface containing benzene rings via cation-π interaction. Cd(II) adsorption on aGO was also confirmed by FT-IR analysis of the aGO-Cd(II) sample. Comparing the spectra of aGO-Cd(II) and aGO in Figure 3(a) , we observed that the peaks at 1,610 and 1,400 cm À1 in the aGO-Cd(II) spectrum, which correspond to the C ¼ C stretching vibrations and phenolic hydroxyl (-COH) vibrations, respectively, were lowered after Cd(II) adsorbed on aGO, suggesting that the benzene ring and phenolic hydroxyl of aGO were involved in the adsorption process toward Cd(II). As a result, the mechanism of Cd(II) adsorption on aGO may be attributed to the electrostatic attraction between Cd 2þ and negatively charged groups (-CO À ) of aGO and the cation-π interaction between Cd 2þ and the graphene planes (Figure 3(b) ). In addition, according to the literature (Sun et al. , ; Hu et al. ) , more detailed investigations about the interaction mechanism between Cd(II) and GO by using X-ray photoelectron spectroscopy and extended X-ray absorption fine structure spectroscopy are necessary and will be considered in future research.
CONCLUSIONS
Graphene synthesized via alkaline hydrothermal treatment can effectively adsorb Cd(II) due to its strong interactions with Cd(II). Batch adsorption experiments were conducted and the results showed that the adsorption kinetics could be modeled by a pseudo-second-order kinetic model and the adsorption isotherms equilibrium data were well fitted with the Langmuir model. The maximum adsorption capacity of Cd(II) on aGO obtained from the Langmuir isotherm was 156 mg/g. The thermodynamic parameters (ΔG 0 , ΔS 0 , and ΔH 0 ) can be calculated from adsorption isotherms, indicating that the adsorption reaction is a spontaneous and endothermic process. The mainly adsorption mechanism speculated from FT-IR results may be attributed to the electrostatic attraction between Cd 2þ and negatively charged groups (-CO À ) of aGO and the cation-π interaction between Cd 2þ and the graphene planes. The graphene nanomaterials may be suitable materials for Cd(II) removal from aqueous solutions if they are synthesized in large scale and at low price in the near future.
